A life-long turnover of sensory and interneuronal populations has been documented in the olfactory pathways of both vertebrates and invertebrates, creating a situation where the axons of new afferent and interneuronal populations must insert into a highly specialized glomerular neuropil. A dense serotonergic innervation of the primary olfactory processing areas where these neurons synapse also is a consistent feature across species. Prior studies in lobsters have shown that serotonin promotes the branching of olfactory projection neurons. This paper presents evidence that serotonin also regulates the proliferation and survival of projection neurons in lobsters, and that the serotonergic effects are associated with a transient uptake of serotonin into newborn neurons.
A life-long turnover of sensory and interneuronal populations has been documented in the olfactory pathways of both vertebrates and invertebrates, creating a situation where the axons of new afferent and interneuronal populations must insert into a highly specialized glomerular neuropil. A dense serotonergic innervation of the primary olfactory processing areas where these neurons synapse also is a consistent feature across species. Prior studies in lobsters have shown that serotonin promotes the branching of olfactory projection neurons. This paper presents evidence that serotonin also regulates the proliferation and survival of projection neurons in lobsters, and that the serotonergic effects are associated with a transient uptake of serotonin into newborn neurons.
T he olfactory pathways of vertebrates and invertebrates show a remarkable degree of life-long structural plasticity. The basis of this plasticity is the turnover of olfactory receptor neurons (1, 2) as well as of interneuronal populations (3) (4) (5) . The new afferents and interneurons insert their axons into existing synaptic regions, which are organized into a highly ordered array of glomeruli. These glomeruli are thought to be arranged odotopically, with each glomerulus having a specific role in the coding of odor quality (6) (7) (8) . Throughout life, as the processes of new sensory neurons and interneurons are added to the glomeruli, their structural integrity is stable: there is no evidence for the formation of new glomeruli or the loss of existing glomeruli (9) (10) (11) . The intercalation of the processes of new neurons into the glomeruli, in which pre-and postsynaptic populations of neurons need to be matched, presents major challenges for the nervous system in preserving odotopic order.
A feature that is common to olfactory systems across phylogenetic lines is a dense serotonergic innervation of the regions where the olfactory receptor neurons synapse onto second-order cells. In vertebrates, the olfactory bulb is one of the major forebrain targets of serotonergic neurons ascending from the brainstem (12) . In molluscs, serotonergic interneurons innervate the protocerebral olfactory neuropil where serotonin is thought to be involved in the storage of odor memory (13, 14) . Among the arthropods, giant serotonergic neurons innervate the antennal lobes of insects (15) and the olfactory lobes (OLs) of crustaceans (16) . The present study examines the role this serotonergic innervation may play in the assembly and maintenance of olfactory areas in the lobster, Homarus americanus, by testing whether serotonin depletion influences the proliferation and survival of projection neurons and by documenting a transient uptake of serotonin by the newborn cells.
The crustacean olfactory pathway consists of primary sensory neurons that synapse with local and projection interneurons within the glomeruli of the OLs. These two categories of interneurons are functionally analogous to the local (periglomerular and granule) and projection (mitral and tufted) neurons of the vertebrate olfactory bulb (17) . The projection neurons of lobsters, which are the primary focus of this paper, innervate the OL, accessory lobe (AL) and olfactory globular tract neuropil (OGTN), and possess axons that project to neuropil regions in the lateral protocerebrum (arrows in Fig. 1A ). The AL is involved with the higher order integration of olfactory, visual, and mechanosensory information (16) . Beyond a presumed role in the processing of olfactory information (18) , the functional roles of the OGTN are unclear. However, the OGTN is interesting in the context of the present study because it is the site of a major synaptic input to the paired dorsal giant neurons (DGNs), which provide the primary serotonergic input to the olfactory neuropils of lobsters and crayfish (ref. 19 ; Fig. 1 B and  C) . The DGNs have been the focus of extensive anatomical, physiological, and ultrastructural investigations because of their massive projections to the OLs and ALs where they innervate each and every glomerulus (16, (19) (20) (21) (22) . The complex circuitry, sheer size, and geometry of the DGNs and their ubiquitous inputs throughout the OLs and ALs pose unusual challenges in understanding the function of the DGNs within the context of the olfactory system. Thus far, no satisfactory explanation of their role has been offered.
Serotonin has been implicated as a developmental architect in the olfactory pathway of lobster embryos. Pharmacological depletion of serotonin during embryogenesis with 5,7-dihydroxytryptamine (5,7-DHT) dramatically reduces the size of the target neuropils of the DGN: the OL, AL, and OGTN (21, 22) . However, the morphology and size of the serotonergic DGNs are not affected by 5,7-DHT treatment (22) . These results suggest that the proliferation, growth, or morphogenesis of the local and projection neurons may be affected by serotonin depletion. Dye-injection studies have shown that the differentiation of a subset of the olfactory projection neurons is indeed affected by serotonin depletion: ϳ14% of the projection neurons sampled in serotonin-depleted embryos send axons toward the lateral protocerebrum via the olfactory globular tract (OGT), as expected, but do not innervate the OLs or ALs, as in normal embryos (23) . Hence, it would seem that serotonin depletion in vivo inhibits the branching of olfactory projection neurons in lobsters, suggesting that one of the functions of serotonin during normal development is to promote, directly or indirectly, the growth of these neurons into the olfactory lobe glomeruli and associated brain neuropils.
Neurogenesis within cluster 10 (the cell body cluster of the projection neurons) ceases during late embryonic development in lobsters, but resumes after hatching and thereafter continues throughout the animal's life (5) . Even in decades-old lobsters, a proliferation zone exists adjacent to the AL at the posteromedial margin of cell cluster 10 (5). Studies in adult (sexually mature) lobsters using the substitute nucleotide bromodeoxyuridine (BrdUrd) have shown that newly born projection neurons move anterolaterally away from the proliferation zone and disperse throughout the cell cluster ( Fig. 2; ref. 5 ).
In the present study, we used BrdUrd-labeling methods to examine the effects of serotonin depletion on neurogenesis in cell cluster 10 of the lobster. These studies indicate that seroAbbreviations: OL, olfactory lobe; AL, accessory lobe; OGT, olfactory globular tract; OGTN, olfactory globular tract neuropil; DGN, dorsal giant neuron; 5,7-DHT, 5,7-dihydroxytryptamine; BrdUrd, bromodeoxyuridine.
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tonin may regulate both proliferation and survival of newly born projection neurons. Further experiments showed that, although mature projection neurons are not serotonin-immunoreactive in lobsters (24, 25) , newborn olfactory projection neurons are transiently able to take up serotonin. This phenomenon may be related to the role serotonin plays in promoting the ingrowth of new projection neurons into the olfactory neuropils of lobsters (23) and͞or to the effects of serotonin on the regulation of neurogenesis that are reported here.
Our results suggest specific roles for the massive serotonergic innervation of olfactory centers in lobsters in regulating the development and maintenance of interneuronal populations. Because of the strong parallels between the function and organization of olfactory systems in a broad range of species, these findings also may be relevant to the serotonergic innervation of olfactory areas in other types of organisms where interneuronal populations turn over throughout life.
Materials and Methods
Embryonic and juvenile lobsters (Homarus americanus) were obtained from the New England Aquarium (Boston, MA) and maintained at 14°C in aquaria with circulating artificial seawater and a 12-h light͞12-h dark cycle. Embryos were staged by using the system of Helluy and Beltz (1991) , in which egg extrusion is defined as 0% and hatching as 100% (26) . Methods related to the use of adult lobsters to demonstrate life-long neurogenesis in cluster 10 are published in Harzsch et al. (5) .
Effects of Serotonin Depletion on Neuronal Proliferation and
Survival. Embryonic lobsters. Embryos at 58% of embryonic development (E58%) were assigned to either the experimental or control group. Experimental embryos were injected once a week for 2 weeks with 0.13-0.26 l of 10 Ϫ2 M 5,7-DHT (Sigma) in a vehicle solution (saline, 1% ascorbate, 0.05% visual marker) by using the procedure of Benton et al. (21) . Control embryos were injected only with vehicle solution. Three days after the final injection, proliferating cells were labeled by immersing the embryos for 2 h in BrdUrd (Amersham Pharmacia) diluted in seawater (14°C) to a concentration of 0.1 mg͞ml. Experimental and control embryos were killed either 24 h or 2 weeks after exposure to BrdUrd to examine the effects of serotonin depletion on neuronal proliferation and longer-term survival, respectively. Brains were dissected from the embryos, fixed in 4% (wt͞vol) paraformaldehyde, and processed by using avidin-biotin-peroxidase immunocytochemistry according to the procedure of Harzsch et al. (5) . Preparations were examined with a Nikon compound microscope, and the numbers of BrdUrd-labeled profiles were counted blindly by two independent observers using a camera lucida.
Juvenile lobsters. Five-month-old juvenile lobsters (Ϸ10 g) were injected (into the ventral hemolymph sinus of the abdomen) twice a week for 4 weeks with either 5,7-DHT diluted in vehicle solution (experimental animals) or with the vehicle solution alone (control animals). Circulating levels of 5,7-DHT immediately after injection were calculated to be Ϸ10 Ϫ3 M; this concentration would be rapidly lowered as 5,7-DHT is taken up by cells, metabolized, and oxidized (21) . Three days after the final injection, proliferating cells were labeled by injecting the lobsters with solutions of BrdUrd (0.3 mg of BrdUrd per 10 g of body weight) diluted in physiological saline. To examine the effects of serotonin depletion on neuronal proliferation and survival, experimental and control animals were killed 24 h (proliferation) or 3 weeks (survival) after the BrdUrd injection. Brains were dissected, fixed in 4% (wt͞vol) paraformaldehyde, then processed immunocytochemically as whole mounts. The mouse anti-BrdUrd antibody (1:100; Amersham Pharmacia) was visualized by using a Texas red conjugated-rabbit anti-mouse antibody (1:50; Molecular Probes), and preparations were examined with a Leica scanning confocal microscope. The numbers of labeled cells in cluster 10 of control and experimental animals were counted from the series of confocal images.
Serotonin Uptake by Newborn Olfactory Projection Neurons. Juvenile lobsters (8-26 g, 3 months-2 years old) were injected with BrdUrd (0.3 mg of BrdUrd per 10 g of body weight) diluted in saline. Animals were killed 6-24 h after injection, and their brains were dissected free from the head. As an assay for neurons possessing the serotonin transporter, the brains then were incubated for 2-4 h at 10-12°C in the dark in 10
Ϫ5
M serotonin (Sigma) in L-15 culture medium (Sigma), with salts adjusted to the concentrations in physiological saline. After this treatment, tissues were rinsed in saline, fixed in 4% (wt͞vol) paraformaldehyde, and processed immunocytochemically for serotonin and BrdUrd by using standard methods (5, 21) . The mouse antiBrdUrd antibody (1:100; Amersham Pharmacia) was visualized by using an Alexa green-conjugated goat anti-mouse antibody (1:50; Molecular Probes); the rabbit anti-serotonin antibody (1:1,000; Diasorin) was visualized with a Texas red-conjugated goat anti-rabbit antibody (1:50; Molecular Probes). To test whether the serotonin transporter also is present in embryonic neurons, brains were dissected from embryonic lobsters and incubated for 4 h in 10
M serotonin in L-15 culture medium with salts adjusted to be iso-osmotic with lobster saline. Brains then were processed immunocytochemically for serotonin (22) . Preparations were examined by using a Leica TCS SP confocal microscope equipped with argon and krypton lasers and spectrophotometer-based emission filters. Fluorescence is represented in the images with contrasting pseudocolors.
Results and Discussion

Effects of Serotonin Depletion on Neuronal Proliferation and Survival.
Serotonin depletion in both embryonic and juvenile lobsters was found to have profound effects on neuronal proliferation and the longer-term survival of newly born cells (Fig. 3) . Studies examining the effects of serotonin depletion on neurogenesis in embryos showed that the number of BrdUrd-labeled cells in cluster 10 present 1 day after a 2-hr exposure to BrdUrd was significantly reduced in serotonin-depleted brains (by 35%, compared with controls; Fig. 3A) . As previous studies have shown that neuroblasts in the lobster brain persist and continue to proliferate after 5,7-DHT treatment (22) , the current results suggest that serotonin depletion may slow the mitotic cycles of the neuroblasts and͞or the intermediate precursor cells of the projection neurons. The number of BrdUrd-labeled cells present in the brains of serotonin-depleted embryos 2 weeks after a 2-hr exposure to BrdUrd was reduced by 52% compared with the number labeled in control embryos (Fig. 3B) . This further reduction in the numbers of labeled cells in the 5,7-DHT-treated embryos suggests that serotonin depletion also may influence the survival of intermediate precursor cells and͞or newborn olfactory projection neurons. However, because the clearing time for BrdUrd is 2-3 days in lobster embryos, and the sequence of proliferation of projection neurons involves three distinct cell types (ref. 22 , and J.L.B. and B.S.B., unpublished results), it is likely that the labeled profiles seen after 2 weeks (surviving cells) are largely a different population of cells than those labeled after just 24 h (proliferating cells). The effects of serotonin depletion in embryos are likely to involve regulatory mechanisms that persist throughout the animal's life, as shown by experiments in the brains of juvenile lobsters where proliferation was dramatically reduced by serotonin depletion (Fig. 3C) , and where no BrdUrd-labeled neurons were present at the end of a 3-week assessment period (Fig. 3D) .
Serotonin Uptake by Newborn Olfactory Projection Neurons. We were interested in the mechanisms by which serotonin regulates the proliferation, survival, and branching (23) of new projection neurons. Olfactory projection neurons in mature crustaceans are not immunoreactive for serotonin (24, 25) , indicating that they do not synthesize or take up significant levels of this amine. However, studies in a variety of species suggest that some neurons lacking the enzymes involved in the biosynthesis of serotonin are capable of taking up serotonin for use as an intracellular signal (27, 28) . Therefore, we hypothesized that serotonin could exert its effects on olfactory projection neurons by means of such an uptake mechanism. To test this hypothesis, we performed double labeling experiments in which juvenile lobsters initially were injected with BrdUrd to label newborn projection neurons, after which brains were dissected free and incubated in serotonin as an assay for neurons possessing the serotonin transporter. In these preparations, we observed BrdUrd-labeled cells in cluster 10 toward the anterolateral margin of the proliferation zone (white arrows, Fig. 4A Fig. 4A ) adjacent to the BrdUrd-labeled profiles that have migrated anterolaterally. Older projection neurons that lie even more anterolaterally are unlabeled by these treatments. The position of the serotonin-immunoreactive neurons immediately posteromedial to the BrdUrd-labeled cells indicates that these neurons were born after the BrdUrd-labeled cells; therefore, the uptake of serotonin must occur within the first few hours after the neurons are born. Because the majority of serotonin-labeled cells are not double-labeled with BrdUrd, the serotonin-labeled To examine the effects of serotonin depletion on neuronal proliferation during embryogenesis, control (n ϭ 10 cell clusters) and 5,7-DHT-treated (n ϭ 10 cell clusters) embryos were exposed to BrdUrd for 2 h and killed after 24 h. The number of BrdUrd-labeled cells in cluster 10 in 5,7-DHT-treated embryos was found to be on average 35% smaller than that observed in control embryos. (B) To study the longer term effects of serotonin depletion, control (n ϭ 10 cell clusters) and 5,7-DHT-treated (n ϭ 10 cell clusters) embryos were killed 2 weeks after a 2-h period of exposure to BrdUrd. By using this protocol, the number of BrdUrd-labeled cells observed in 5,7-DHT-treated embryos was found to be 52% smaller than the number of labeled cells in control embryos. (C and D) Serotonin depletion in juvenile lobsters was found to reduce the numbers of labeled profiles when assessed 24 h (C) (control, n ϭ 2 cell clusters; 5,7-DHT-treated, n ϭ 4 cell clusters) and 3 weeks (D) (control, n ϭ 4 cell clusters; 5,7-DHT-treated, n ϭ 4 cell clusters) after BrdUrd injection. (B) After a 6-h survival time after BrdUrd injection, labeled nuclei are found in the proliferation zone immediately adjacent to the AL. Serotonin antibodies label a group of fine fibers (arrow) that terminate blindly at the proliferation zone. These fibers have been traced back to the DGN in adult, juvenile, and larval brains. In embryos, the narrow region to which these fibers project is obscured by the intense labeling for serotonin in newborn cells, and, therefore, it has not been possible to trace the fibers to the DGN. (Bars: A ϭ 100 m; B ϭ 50 m.) cells must have been born after the animal was killed and when BrdUrd was no longer available, i.e., during the in vitro incubation time. The fact that such small numbers of cells are labeled by serotonin treatment relative to the numbers of proliferating neurons suggests that the serotonin transporter is active for only a short period after birth, and͞or that only a subset of newborn projection neurons takes up serotonin. A group of fine-caliber fibers entering the projection neuron cluster and ending blindly at the proliferation zone also label for serotonin (Fig. 4B) , and these are a likely source of the serotonin taken up by the newly proliferated neurons in vivo. We have traced some of these fibers to their origin at the primary axonal trunks of the DGN.
Uptake of serotonin into newly proliferated projection neurons also is observed in embryonic brains (Fig. 5) . The neurons that take up serotonin are found again at the posteromedial margin of cluster 10, near the site where the AL will form later in development.
Fibers can be readily traced from the labeled neurons directly to the OL (Fig. 5B) , demonstrating that the transiently labeled cells are indeed olfactory projection neurons. The finding of transient serotonin uptake by newborn olfactory projection neurons in embryonic as well as juvenile brains is evidence that this mechanism is likely to be important throughout the lobster's life.
Conclusions
On the basis of these data, we propose that the uptake of serotonin by newborn olfactory projection neurons may underlie, directly or indirectly, the effects of serotonin that we have demonstrated on the proliferation, survival (Fig. 3) , or branching (23) of these neurons in lobsters. A wealth of supporting evidence in the literature suggests that serotonin can regulate the proliferation, growth, and connectivity of serotonin-sensitive neurons (22, (29) (30) (31) (32) (33) (34) . In a striking example, serotonin has been shown to play a role in the development of the primary somatosensory map (28) . In the somatosensory cortex, a transient, dense serotonergic innervation appears shortly after birth in mice and rats and disappears abruptly in a matter of days. During this brief period, however, the cortical barrels are delineated. Serotonin is intimately involved in the cortical ingrowth and arborization of thalamic axons, apparently by means of a high-affinity uptake of serotonin into the thalamic neurons, which do not contain the enzymes necessary to synthesize serotonin. It has been proposed that the internalized serotonin might be used for extracellular signaling or, alternatively, could exert intraneuronal control as a growth factor or transcriptional regulator (28) .
The present results in the lobster olfactory system are compelling because several important elements come together in vivo: serotonin uptake by newborn projection neurons; effects of serotonin reduction on proliferation, survival and branching of newborn neurons; and the persistence of neurogenesis in the projection neuron cluster throughout life. Thus, serotonin may be important not only in shaping the developing olfactory pathway, but also in the long-term maintenance of the olfactory system. We propose that two life-long roles of the serotonergic DGNs in the lobster may be (i) to match the sizes of the pre-and postsynaptic populations of neurons by means of the regulation of interneuronal proliferation, and (ii) to direct the insertion of branches of new projection neurons into the highly specialized olfactory lobe neuropil.
The example provided here of serotonin uptake by a select group of newly born olfactory projection neurons suggests critical intracellular roles for this amine among neurons in the olfactory pathway. Serotonin has been implicated, at least indirectly, as an intracellular signaling molecule or transcriptional regulator in a variety of other systems (28, (35) (36) (37) . It remains to be determined whether the neurons that take up serotonin in lobsters are a subset of newly proliferated cells, or whether all new olfactory projection neurons transport serotonin. Our data indicate that the former case is true, suggesting a degree of developmental specificity that may relate to the functional heterogeneity of the projection neurons (18) .
Life-long neurogenesis and the intercalation of new interneurons into highly specialized synaptic areas are processes that are shared by olfactory systems in an evolutionarily diverse group of animals. The serotonergic regulation of these events in lobsters may be one example of a more general mechanism for directing neuronal turnover and influencing axonal outgrowth in systems where neurons are constantly turning over. Therefore, these phenomena may be associated with the presence of a dense and persistent serotonergic innervation of primary olfactory areas in a variety of species.
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